The self-consistent technique for extracting density of states ͓DOS: g͑E͔͒ in an amorphous indium gallium zinc oxide ͑a-IGZO͒ thin film transistor is proposed and demonstrated. The key parameters are the g͑E͒ of the a-IGZO active layer and the intrinsic channel mobility ͑ ch ͒. While the energy level ͑E͒ is scanned by the photon energy and gate-to-source voltage ͑V GS ͒ sweep, its density is extracted from an optical response of capacitance-voltage characteristics. Using the V GS -dependent ch as another boundary condition, a linearly mapped DOS assuming a linear relation between V GS and E is translated into a final DOS by fully considering a nonlinear relation between V GS and E. The final DOS is finally extracted and verified by finding the self-consistent solution satisfying both the linearly mapped DOS and the measured V GS dependence of ch with the numerical iteration of a DOS-based ch model. Recently, multicomponent amorphous oxide semiconductorbased thin film transistors ͑TFTs͒ ͓i.e., amorphous InGaZnO ͑a-IGZO͒, a-InZnO, and a-GaZnO͔ have been under active research and development because of their room-temperature fabrication process, low cost, higher mobility than those of covalent semiconductor TFTs, and compatibility with transparent and rollable electronics applications. The density of states ͓DOS, g͑E͔͒ is a critical parameter playing a significant role in the electrical property of a-IGZO. However, the extraction of g͑E͒ in the a-IGZO TFTs has been rarely investigated or recently studied by some groups.
Recently, multicomponent amorphous oxide semiconductorbased thin film transistors ͑TFTs͒ ͓i.e., amorphous InGaZnO ͑a-IGZO͒, a-InZnO, and a-GaZnO͔ have been under active research and development because of their room-temperature fabrication process, low cost, higher mobility than those of covalent semiconductor TFTs, and compatibility with transparent and rollable electronics applications. The density of states ͓DOS, g͑E͔͒ is a critical parameter playing a significant role in the electrical property of a-IGZO. However, the extraction of g͑E͒ in the a-IGZO TFTs has been rarely investigated or recently studied by some groups. [1] [2] [3] Also very recently, we proposed the a-IGZO DOS extraction method based on an optical response of capacitance-voltage ͑C-V͒ curve 4 assuming a linear relation between the gate-to-source voltage V GS and energy level E. In this work, the self-consistent g͑E͒ extraction technique, including a complicated nonlinear relation between E and V GS , is proposed by combining an optical response of the C-V curve and the V GS -dependent intrinsic channel mobility ͑ ch ͒. The integrated IGZO TFTs have the most commonly used backchannel-etch staggered bottom gate structure for active matrix liquid crystal displays and/or active matrix organic light emitting diode displays. Devices are fabricated as follows: On a thermally grown SiO 2 /Si substrate, the first sputtered deposition at room temperature and the patterning of molybdenum ͑Mo͒ gate are followed by plasma-enhanced chemical vapor deposition ͑PECVD͒ deposition of a 100 nm thick SiO 2 at 300°C ͑T GI = 100 nm͒. A 70 nm thick active layer ͑In 2 O 3 :Ga 2 O 3 :ZnO = 2:2:1 atom %͒ is then sputtered by the radio frequency ͑rf͒ magnetron sputtering at room temperature in a mixed atmosphere of Ar/O 2 ͑100:1 at sccm͒ and wet etched with diluted HF ͑T IGZO = 70 nm͒. For the source/drain ͑S/D͒ pattern, Mo is sputtered at room temperature and then patterned by dry etching. After N 2 O plasma treatment on the channel surface of the IGZO active layer, a SiO 2 passivation layer without a vacuum break is continuously deposited at 150°C by PECVD, and finally, all the samples ͑W/L/L OV = 200/50/10 m͒ were annealed at 250°C for 1 h in the furnace. The fabricated IGZO layer is verified to have an amorphous phase by XRD and transmission electron microscopy ͑TEM͒ views and shows the nature of an n-type amorphous oxide semiconductor. Figure 1 shows the device schematic, XRD pattern, and TEM image.
Model Parameter Extraction Method
To extract and validate g͑E͒, including the complicated nonlinear relation between the V GS and the surface potential S ͑eventually E͒, the critical model parameters ͓ ch and g͑E͒ assuming the linear relation between S and V GS ͔ should be extracted from the measured data.
The extraction of ch plays a significant role in confirming the validity of g͑E͒ of a-IGZO TFT because we can consider that the ch is related to the electrons moving on the condition of a specific potential distribution. The extraction of ch is started from the acquisition of a total on-resistance ͑R T ͒ and an intrinsic channel resistance ͑R ch ͒ of TFTs. The drain-to-source current ͑I DS ͒ in the linear region is given by
where FE , C ox , V T , and V DS are the field-effect mobility, gate oxide capacitance per unit area, threshold voltage, and drain-to-source voltage, respectively. R T and parasitic resistance ͑R P ͒ are defined in the following equation
where r ch is the intrinsic channel resistance per unit channel length. R P includes both the contact resistance ͑R C ͒ and the S/D spreading resistance ͑R S and R D ͒, as shown in Fig. 2 . By using the basic transistor equation from the gradual channel approximation like the crystalline semiconductor, we can determine r ch . The r ch is represented as
By substituting Eq. 3 with Eq. 2, we obtain
Then, based on a transmission line model ͑TLM͒ method, the r ch ͑V GS ͒ can be extracted from the slope of the R T − L plot with various V GS . The R T is measured from the linear region of the output characteristics ͑I DS -V DS ͒ of TFTs. Fig. 3b , as predicted by Eq. 4. Therefore, according to Eq. 3, the ch can be obtained by plotting the reciprocal of the r ch as a function of V GS . The extracted ch is used for the purpose of comparing the measured ch with the calculated one by the DOS-based ch model ͑as seen in Fig. 6a͒ . Needless to say, the ch is the function not only of V GS but also of g͑E͒ parameters because the V GS dependence of ch results from the trap filling of a-IGZO g͑E͒. Therefore, by comparing the measured ch with the one calculated from the ch model, we can verify g͑E͒, including the nonlinear relation between V GS and E.
Because the potential distribution along the vertical direction x is a function of both the free charges and localized charges, we can easily consider the ch as a function of g͑E͒ parameters. Therefore, to calculate the ch model described in the Model Derivation section, we should know the g͑E͒ parameters. Furthermore, because both the electron concentration n and DOS of a-IGZO TFTs make significant roles in electrical properties, extracting n and g͑E͒ is very important in the modeling and characterization of their devices and circuits. While n is determined by process conditions ͑i.e., oxygen vacancies 6, 7 and rf power in sputtering 8 ͒ and has been experimentally extracted by many groups 6-10 ͑e.g., Hall measurement or electrical characteristics͒, the extraction of g͑E͒ has been rarely investigated or recently studied by some groups. [1] [2] [3] To extract g͑E͒ of the a-IGZO layer, in our previous work the optical C-V response between the gate and S/D electrodes in the a-IGZO TFT is employed by utilizing the difference in measured capacitance between the dark and photoilluminated states as a function of V GS . A detailed procedure has been shown in Ref. 4 . Here, we define the linearly mapped g͑E͒. The terminology "linearly mapped g͑E͒" means that the g͑E͒ assumes the linear relation between the S ͑consequently E͒ and the V GS as in Ref. 4 . Figure 4a and b shows the measured C-V curve under both the dark and photoilluminated conditions and the extracted linearly mapped g͑E͒, respectively. In other words, in Fig. 4b , the linear relation between V GS and S ͑eventually E͒ is assumed. In terms of translating the E level from V GS , two transition points in the dark C-V curve are assumed to correspond to E i ͑midgap͒ and E C , as shown in Fig. 4c . Then, the relation between E and V GS is given, as shown in Fig. 4d .
Therefore, the nonlinear relation between S and V GS in g͑E͒ is not yet considered in this section. The final g͑E͒, as the final result of our proposed technique, is completed through a procedure for finding self-consistent parameters described in the Results and Discussion section. Here, only the lateral location of data points in the linearly mapped g͑E͒ ͑in Fig. 4b͒ is changed even after reflecting the nonlinear relation between the S and the V GS .
Model Derivation
In this section, we introduce the ch model based on the nonlinear relation between the V GS and the E. This ch model equation is applied to find self-consistent g͑E͒ parameters, as described in the Results and Discussion section.
First, to calculate the ch model, the calculation of the relation between the V GS and the E is begun with solving both the charge density and the electric field ͑E IGZO ͒ along the x direction in the a-IGZO active layer. Then, the localized trapped electron density per unit volume ͑n loc ͒ is expressed as
where f͑E͒ is the Fermi-Dirac distribution function.
As shown in Fig. 4b , a deep state of extracted g͑E͒ can be approximated to be the Gaussian distribution function. However, because the V GS -dependent trap filling above V T is mainly determined by tail states, we assumed that the deep state can be approximated to an exponential function for convenience in terms of calculating ch . Our assumption is verified later. Then, the localized electron densities of the deep and tail states per unit volume are expressed as 
where g, ch , FO , kT DA /kT TA , and N DA /N TA are the degeneracy factor, electron quasi-Fermi potential, bulk Fermi potential under thermal equilibrium condition, characteristic energy of acceptor-like deep/tail states, and density of deep/tail states, respectively. In addition, the free carrier density per unit volume ͑n free ͒ is represented as
where N C is the conduction band effective DOS. Then, Poisson's equation along the x direction from the interface between the a-IGZO/gate insulator oxide is redescribed as
where IGZO , , and q are the permittivity of the a-IGZO material, the volume charge density, and the magnitude of the single electron charge, respectively. Therefore, the E IGZO of the a-IGZO active layer at a specific x is given as follows. Here, the at the a-IGZO/ passivation layer interface, i.e., B = ͑x = T IGZO ͒, is assumed to be negligible in comparison with S at the a-IGZO/gate insulator oxide interface 
To calculate the nonlinear relation between V GS and E, we apply Gauss law to the interface of the a-IGZO/gate insulator oxide. When we apply Eq. 10, the continuity of dielectric displacement across the interface between the a-IGZO/gate insulator oxide gives
where Q induced and V FB are the V GS -dependent field-induced charge per unit area within the entire a-IGZO active layer and flatband voltage, respectively. Because the E IGZO is a function of g͑E͒, one can infer that the final g͑E͒ parameters ͑N TA , N DA , kT TA , and kT DA ͒ should be known to completely calculate the nonlinear relation between the S and the V GS . Therefore, the relation between the V GS and the S should be calculated by self-consistent numerical iterations. The kT TA and kT DA ͑characteristic energy of the tail/deep͒ are significantly changed by employing the nonlinear relation between the V GS and the S , while N TA and N DA ͑tail/deep state density͒ would be nearly unchanged even after applying that nonlinear relation. Therefore, kT TA and kT DA are such unknown variables in the linearly mapped g͑E͒. However, because the ch is a function of both the g͑E͒ and V GS , we can use the ch model as another boundary condition to extract the final g͑E͒ parameters, kT TA and kT DA .
Here, based on the nonlinear relation between the V GS and S in Eq. 11, the DOS-based ch model is calculated. In contrast to fieldeffect mobility FE , the ch is the intrinsic parameter connected only with the R ch . Thus, the V GS -dependent ch is the most suitable parameter for verifying the intrinsic properties of the a-IGZO active material, i.e., DOS, g͑E͒. Because the ͑x͒ is a function of both free and localized charges, we can easily infer that the ch is also modulated by those charges. In detail, the ch , as in hydrogenated amorphous silicon ͑a-Si:H͒ TFT, is expressed as the function of the conduction band mobility band , the free charge density per unit area Q free , and the localized trapped charge density per unit area Q loc as follows
where Q free and Q loc are represented as
Inasmuch as the energy band bending would be calculated based on the total Q loc from x to the back interface of the a-IGZO/passivation layer, Q free ͓͑x͔͒ and Q loc ͓͑x͔͒ can be derived by integrating n free ͑x͒ and n loc ͑x͒ from x to the end of the active layer ͑x = T IGZO ͒ throughout the entire a-IGZO active layer. By unifying Eq. 5, 8, 10, and 12-14, ch ͑x͒ can be calculated as the model equation consisting of DOS parameters. Consequently, the ch of free electrons at the surface channel is given by ch ͑x = 0͒ = ch ͓͑x = 0͔͒ = ch ͑ S ͒. Then, ch ͑ S ͒ can be translated into ch ͑V GS ͒ by using Eq. 11. Therefore, it can be directly compared with the measured ch ͑V GS ͒.
Results and Discussion
In this section, the self-consistent technique, including the parameter extraction methods and model equations, is proposed, as shown in Fig. 5 . The proposed procedure is as follows: ͑i͒ The experimental C-V curve, I-V curve, and Hall measurement data are used as the inputs. ͑ii͒ The band , N C , and q FO are extracted from Hall measurement data. They are conceptually the first-fixed parameters ͑In this work, N C , q FO , and band are assumed to be appropriate values without Hall measurement͒. ͑iii͒ The measured I DS -V DS characteristic is used to experimentally extract the ch as a function of V GS . ͑iv͒ The measured C-V response under the dark and photoilluminated conditions is used to extract the linearly mapped g͑E͒ assuming the linear relation between the V GS and the E. ͑v͒ The ch ͓x = 0, ͑x͒ = S ͔ in Eq. 12 is calculated from the DOS parameters of linearly mapped g͑E͒ and translated into ch ͑V GS ͒ model by using Eq. 10 and 11. ͑vi͒ Only the lateral location of data points in linearly mapped g͑E͒ is adjusted by a numerical iteration until satisfying the self-consistency between the ch ͑V GS ͒ model and the measured ch ͑V GS ͒. In this way, the extraction of final DOS parameters is completed. Figure 6 shows the final results of our self-consistent ch model of a-IGZO TFTs. By applying the nonlinear relation between the V GS and the S ͑or E͒, the linearly mapped g͑E͒ ͑Fig. 4b͒ is translated into the final g͑E͒ ͑Fig. 6b͒. The final g͑E͒ can be modeled as ͑analogous to that of a-Si:H TFTs͒
where kT DGA and E O are the standard deviation and average value of 
To verify our assumption, i.e., deep state can be expressed as an exponential function instead of a Gaussian function without a large error, we point out that the E corresponded with a specific V GS . Here, we particularly chose V GS = 0 V because the measured FE and/or ch ͑Fig. 6a͒ start/s to increase when the V GS is positive. As shown in Fig. 7 , the dashed line corresponding to V GS = 0 V is located in the tail state, which indicates that the V GS -dependent trap filling above V T is mainly determined by the tail state. Therefore, our assumption is valid in a-IGZO TFTs. Conclusively, in Fig. 6b and 7 , the nonlinear relation between V GS and S ͑eventually E͒ is self-consistently calculated by changing the lateral positions of data points in Fig. 4b until satisfying the consistencies among Eq. 10-12 and the measured ch ͑V GS ͒. The finally calculated nonlinear relation between V GS and S is shown in Fig. 8 . As the V GS increases, the S increases and is eventually saturated. Table I summarizes the DOS parameters used in calculating both the ch model in Eq. 12 and the nonlinear relation between V GS and E in Eq. 11. The g͑E͒ used in the ch model is also shown in Fig. 6b by a dashed line. The form of the deep state of the final g͑E͒ ͑Gaussian function͒ is much different from that of the g͑E͒ used in the ch model ͑exponential function͒ that each value of N DA shows a slight difference. As shown in Fig. 6a , the ch model calculated with the parameters in Table I agrees well with the measured ch . Because the ratio of R P /R T is reduced only under the condition of the larger R rh at a long channel length ͑L = 50 m͒, it is noticeable that the measured ch is analogous to the FE .
Actually, the ch ͑V GS ͒ is extracted at V DS = 0.1 V, as shown in Fig. 6a . A low value of V DS guarantees the I-V characteristic operated in the linear region such as that in Eq. 1. The value of V DS quantitatively affects the proposed method in terms of calculating n free and n loc ͑Eq. 6-8͒ with the quasi-Fermi potential ch . In addition, the R P ͑V GS ͒ extracted by the TLM method 14 is used in acquiring the internal channel voltage V DS Ј as follows
Therefore, in the proposed g͑E͒ extraction technique, the relation between V GS and S ͑eventually E͒ is influenced by R P ͑V GS ͒. In our case, the V DS Ј was 0.093 V at V DS = 0.1 V, as shown in Fig. 8 . Thus, V DS Ј = 0.093 V was used in calculating ch ͑V GS ͒. In addition, the ratio of R P /R T increases as the channel length L decreases. In our case, the a-IGZO TFT with L = 50 m was used. However, the proposed technique is independent of L because the L-independent ch ͑V GS ͒ is utilized in extracting the final g͑E͒. Compared with the case of a-Si:H TFT, the tail and deep state densities at E C ͑N TA and N DA ͒ of the a-IGZO TFT are so much lower. Furthermore, kT TA = 23 meV is much lower than a room temperature thermal energy 25 meV, which indicates that the Fermi level E F easily moves up to near the E C with the increase in V GS . It is consistent that the ch of the a-IGZO TFT is much higher than that of the a-Si:H TFT. Consequently, high performance of the a-IGZO TFT, i.e., bandlike conduction, relies on the low N TA and kT TA .
Conclusion
A previously proposed g͑E͒ extraction method based on an optical response of the C-V curve in a-IGZO TFTs is improved by fully considering the nonlinear relation between the E and the V GS . By finding the solution satisfying both the linearly mapped DOS and the measured V GS dependence of ch with the numerical iteration, the self-consistent technique for extracting the DOS of a-IGZO TFTs is proposed and verified by comparing the measured ch and the calculated one from the DOS-based ch model. Our results show that the proposed technique and the ch model are very useful for the device design and modeling of a-IGZO TFTs as a representative of multicomponent amorphous oxide semiconductor TFTs. 
